Oxygen consumption (M O2 ) was measured for gilthead seabream (Sparus aurata) during spontaneous and forced activities. During spontaneous activity, the swimming pattern was analysed for the effect on M O2 on the average speed (U), turning rate () and change in speed (DU). All swimming characteristics contributed significantly to the source of spontaneous swimming costs, and the models explained up to 58% of the variation in M O2 : Prediction of M O2 of fish in field studies can thereby be improved if changes in speed and direction are determined in addition to swimming speed. A relationship between swimming speed and M O2 during forced activity was also established. During spontaneous activity, 2.5 times more energy was used than in forced swimming at a speed of 0.5 BL s
Introduction
Reliable estimates of oxygen consumption (M O 2 ) of free-swimming fish are important for improving the precision of bioenergetics modelling (Kerr 1982; Boisclair and Leggett 1989; Lucas et al. 1991; Ney 1993) . It is not possible to measure swimming costs of free-swimming fish directly, but M O 2 can be estimated by monitoring physiological or biomechanical variables correlated with M O 2 . Variables associated with swimming speed (e.g. tail beat pressure and frequency) have been tested as suitable predictors of M O 2 during forced swimming (Lowe et al. 1998; Lowe 2001; Webber et al. 2001; Steinhausen et al. 2005 Steinhausen et al. , 2007 Ohlberger et al. 2007 ). In general, however, wild fish do not swim steadily and linearly as in forced swimming experiments, but move spontaneously with changes in speed and direction during activities, such as feeding, territorial defence and predator avoidance. During spontaneous activity, variables other than average speed (U) may also be important descriptors of activity for estimating M O 2 . Krohn and Boisclair (1994) demonstrated with spontaneously swimming brook trout (Salvelinus fontinalis) that M O 2 correlated equally well with mean speed, acceleration and turning rate. Only few studies aimed to quantify the influence of the different swimming characteristics on M O 2 of spontaneously active fish (Tang and Boisclair 1995; Tang et al. 2000; Tudorache et al. 2009 ). Tang and Boisclair (1995) found that the average turning rate and the variance of speed both contributed significantly to the explanation of M O 2 of brook trout. In contrast, Tang et al. (2000) did not find any of the swimming characteristics to be significantly important. However, if any of the swimming characteristics significantly improve the prediction of M O 2 during spontaneous activity, they will be important to measure in field studies.
The reason why spontaneous swimming costs studies of fishes is minor may be due to the difficulties of measuring M O 2 in large volumes of water necessary for spontaneous activity. Consequently, swimming costs used in bioenergetic models are often estimated from empirical relationships between M O 2 and forced swimming speed. This may, however, underestimate the activity costs in the field considerably. Webb (1991) reported theoretical evidence suggesting that spontaneous activity is associated with substantially higher energy costs compared with those of forced swimming at the same mean speed. A multiplying factor of approximately three was suggested by Webb (1991) to obtain the costs of spontaneous swimming from those of forced swimming. This ratio between spontaneous swimming costs and those of forced swimming is termed the swimming cost ratio (R SC ), and empirical studies have supported the theoretical calculation although a wide range of values from 1.4 to 22 has been reported Krohn and Boisclair 1994; Tang and Boisclair 1995; Tang et al. 2000) .
The purpose of this study was to analyse the influence of activity patterns on the swimming costs of gilthead seabream. Seabream was chosen as the model organism, as a fairly complex swimming pattern was expected due to the fish's natural habitat in seagrass beds and surf zones. Therefore, we hypothesized that all the swimming characteristics analysed would contribute to the explanation of the associated costs. In addition, the cost of spontaneous swimming compared with forced swimming would lead to a higher energy use at a given speed but not necessarily when compared at U opt . The experiment was conducted firstly by determining which swimming characteristics (U, DU and ) contributed to an explanation of M O 2 . Secondly, we aimed to quantify the costs of swimming spontaneously relative to those of forced swimming.
Materials and methods

Holding of fish
Gilthead seabream (Sparus aurata) were supplied by BioMar A/S located in Hirtshals (Denmark) and transported in well-aerated tanks to the Marine Biological Laboratory in Helsingør (Denmark). They were kept at 20 C in 700 L holding tanks, continuously supplied with well-aerated, full-strength seawater. The light condition was 16 h light:8 h dark, and the seabreams were fed commercial fish feed (Ecolife 19; BioMar, Denmark) every second day.
Measurement of M O 2 during spontaneous activity
Spontaneous swimming costs and corresponding swimming activity were measured in seven individual fish. A seabream of 0.119 AE 0.020 kg, 18.0 AE 0.4 cm in length and 5.8 AE 0.2 cm in height (mean AE SD) was starved for 3 days to make sure that no energy was used for digestion (Secor 2009 ) and transferred to a circular Perspex respirometer (diameter of 40 cm and a height of 9 cm, volume including tubing ¼ 12 L) a day prior to the start of the experiment (Figure 1 ). The experiment started the following morning and lasted approximately 7 h. The respirometer was submerged in water, and the system temperature was kept constant at 20 AE 0.1 C by recirculating the water through a cooling device Heto, Denmark) , equipped with a heater (HMT 200; Heto, Denmark). The water was continuously recirculated through a filter and an UV-sterilizer was used to maintain its quality. Two external aquarium pumps (Eheim 1046) were connected to the respirometer by tubes mounted on the side walls. The first pump was placed in a closed loop and the water was constantly recirculated through the respirometer with a slow flow of 0.7 L min À1 to ensure proper mixing. Within this loop, the oxygen partial pressure was measured by a fibre optic sensor (Pst 3; Presens, Germany) connected to an oxygen meter (Microx TX2; Presens, Germany). The second pump was computer actuated and produced a steady high flow of water (4 L min À1 ) to flush the system with ambient water between M O 2 measurements. Intermittent flow-through respirometry was used to measure the M O 2 of the swimming fish as described by Steffensen et al. (1984) . In brief, the respirometer was flushed with ambient water for 4 min followed by a 1 min mixing period to allow steady-state conditions. The measuring period lasted for 5 min, during which the decline of oxygen partial pressure (pO 2 ) inside the respirometer was registered every second. Data acquisition and control of the flushing pump were controlled by a PC installed with the software program Labtech Notebook.
The position of the fish was registered by a CCD camera (TVCCD 460; Monacor, Denmark) mounted above the respirometer. The camera was connected to a video capture card (Pinnacle PCTV Rave), digitizing 25 frames s À1 at a resolution of 320 Â 240 pixels. Infrared light illuminated the respirometer from below and made the fish appear as a black silhouette on a light background. The contrast between the fish and its surroundings was used by the software program LoliTrack (Loligo Systems, Denmark) to detect the geometric centre of the silhouette of the fish. The movement of the fish was detected in pixels and by placing a ruler horizontally and vertically in the respirometer, the pixel distance could be converted to cm. The x,y-coordinates of the position of the fish were logged with a frequency of 10 Hz.
Swimming characteristics
The effects of swimming pattern on M O 2 were analysed using average speed (U, cm s À1 ), turning rate (, degree s À1 ) and change in speed (either numerical (D U , cm s À2 ) or the combination of acceleration (D Uþ , cm s À2 ) and deceleration (D UÀ , cm s À2 ). In general, the level of precision determining the geometric centre of the fish did not allow for the use of all positions (10 s À1 ) without introducing pixel noise. Every tenth position of the fish was therefore used to calculate the values of the swimming characteristics ( Figure 2 ). The speed U i (cm s À1 ) between two consecutive positions (one second apart) is then directly given by the length ju i j of the vector u i . U was recalculated with the unit BL s À1 , to be comparable to fish from the forced swimming experiment, and then calculated as the mean for each measurement period of 5 min,
Figure 2. Horizontal positions of seabream in the respirometer (open circles) in a period of 2 s logged with a frequency of 10 Hz. Pixel distance was converted to centimetres as described in the text. Every tenth position was used to calculate mean speed per second by the length U i of the vector. Change of speed between two consecutive seconds was U i À U iÀ1 , and turning rate was expressed by i .
and used as a predictor of the corresponding M O 2 value. Similarly, D U was calculated as the mean difference in speed by
The means of positive and negative values of U i À U iÀ1 were used to calculate D Uþ and D UÀ , respectively. The turning rate (angle i per second) between two consecutive vectors characterizing the directions of the fish in the horizontal plane is given by
À1 . The mean turning rate was calculated by
Measurement of M O 2 during forced swimming Fish used in the forced swimming experiment were, on average, larger (0.201 AE 0.010 kg and 22.8 AE 0.53 cm in length (mean AE SD)) than the ones used in the spontaneous activity experiments. They were tested individually for their forced swimming performances in a swimming respirometer containing 8.5 L with a 10.5 cm deep, 9 cm wide and 30 cm long swimming section. A motor-driven propeller generated the water flow, and an anemometer (TAD G25; Ho¨ntzsch, Germany) was used to calibrate water velocity to voltage output from the motor controller. To promote a laminar flow inside the respirometer, the water passed through a honeycomb (7 mm cell diameter) placed upstream, and downstream a metal grid protected the fish from being hit by the propeller. The respirometer was submerged in water and flushing time, temperature and water quality were adjusted as described above. When a fish occupies a part of the cross-sectional area of the respirometer, it increases the velocity of the surrounding water. This is termed the solid blocking effect, which was corrected for as described by Bell and Terhune (1970) .
The M O 2 was measured with intermittent respirometry as described above, but instead of a fibre optic sensor, a Clark-type oxygen electrode (E 101; ASI-sensor, USA) coupled to a blood/gas analyser (PHM 73; Radiometer, Denmark) and a PC were used. To achieve a faster response time, the oxygen electrode was placed in a cuvette thermostatted to 25 C. A small amount of water was continuously sucked from the respirometer and across the oxygen electrode through Tygon tubing via a peristaltic pump (Mini S840; Istmatec, Switzerland). Calculation of M O 2 and conversion to a 0.1 kg fish was completed as described in the following section.
The fish were starved for 3 days prior to the swimming experiment and then introduced to the respirometer at a low swimming speed of 0.5 BL s À1 , the day before the experiment started. The swimming speed was increased by 0.5 BL s À1 every 30 min, until the fish could not move off the rear grid for 10 s. An experimental period of 30 min allowed triplicate measures of M O 2 for each fish at each speed. The average of these three measurements was used when calculating the population mean (n ¼ 7).
Calculation of M O 2
The decrease in oxygen partial pressure ( pO 2 ) in water was logged every second during the M O 2 measuring period of 5 min. The slope through these 300 data points was described by a linear regression and used to calculate the M O 2 (mg h À1 kg À1 ) according to:
where V is the volume of the respirometer (L) minus the fish volume, d(pO 2 )/dt the slope (mm Hg h À1 ), the solubility of oxygen in the water (mgO 2 mm Hg À1 L À1 ) and M b the body mass of the fish (kg). For both the respirometer systems, bacterial respiration was measured after each experiment. The fish was removed and the blank value was subtracted from the total M O 2 value. At low swimming speeds and thereby the lowest M O 2 rates, bacterial respiration accounted for up to 20% of the total respiration. To adjust the mass-specific M O 2 to a standard body mass of 0.1 kg, a general mass exponent of À0.2, calculated on the basis of data from 69 different species, was used (Clarke and Johnston 1999):
For both types of experiments, M O 2 was described by a power function of swimming speed (U) according to Webb (1993) :
The model parameters a, b and c were estimated by nonlinear regression using the iterative Marquardt method (SigmaStat), and a is the estimate of the standard metabolic rate (SMR).
The optimum swimming speed, where the cost of transport is at its minimum was calculated as
by using the estimates of a, b and c described above. For the forced swimming fish, a critical swimming speed (U crit ) was calculated in accordance with Beamish (1978) :
where U f is the highest velocity maintained for the entire swimming period, t f the time spent at the exhaustion velocity (min), t i the prescribed swimming period (min) and DU the velocity increment. Active metabolic rate (AMR) is defined as the M O 2 measured at the highest speed obtained by a forced swimming fish, and on this basis, the factorial metabolic scope was calculated as AMR per SMR.
To compare the energetic costs of spontaneous and forced activities at a given swimming speed, the swimming cost ratio (R SC ) was obtained from the M O 2 values estimated from the above power functions:
Models
To quantify the influences of the different independent variables U, , D U (D Uþ in combination with D UÀ ) on M O 2 measured during spontaneous activity, two multiple linear regression models (forward stepwise) were developed (SigmaStat). By using stepwise multiple regression, the independent variable showing the best correlation with the dependent is included first in the model. Subsequently, the independent variable which correlates the second best is included and so on. Thereby, only variables that contribute significantly (increase the r 2 -value) in explaining the change in M O 2 are included in the model. To follow the statistical criteria of linear relationship between variables, relevant data were log transformed (Table 1) .
Results
The relationship between M O 2 and U measured on individual seabream was clearly expressed during spontaneous activity (Figure 3) . During an experimental period (7 h), the range of average swimming speeds was 0.15-0.43 BL s À1 which resulted in a four-fold increase in M O 2 . The variable U best explained the variation in M O 2 during spontaneous activity (r 2 ¼ 0.54), but D U (r 2 ¼ 0.36) and (r 2 ¼ 0.24) were also correlated with M O 2 although to a lower degree (Figure 4) . Consequently, all swimming characteristics significantly improved the estimate of M O 2 , but U explained over 50% of the changes in M O 2 and and D U contributed only up to 6% (Table 1) . Stepwise linear regression was used to produce two models quantifying the influence of the swimming characteristics on the estimate of M O 2 . In the first model, U, and D U all contributed significantly to the explanation of M O 2 . In the second model where D U was separated into two components representing acceleration (D Uþ ) and deceleration (D UÀ ), it was only the reduction in speed that contributed significantly to the model. (Table 1) .
In both the experiments, M O 2 increased exponentially with increasing swimming speed ( Figure 5 ). During forced swimming, seabream would not swim steadily at lower speeds than 0.5 BL s À1 , and spontaneously swimming fish did not swim faster than 0.5 BL s À1 . Therefore, M O 2 measurements were only achieved for both experiments at a swimming speed of 0.5 BL s À1 . The average M O 2 during forced swimming at 0.5 BL s À1 was 147 mg h À1 kg À1 , whereas 364 mg h À1 kg À1 was spent during spontaneous activity at the same mean speed. A significant difference existed between the two estimates of M O 2 (95% CL, Figure 5 ). Consequently, R SC attained an average value of 2.5 at 0.5 BL s À1 . Estimates of SMR for spontaneous and forced swimming fish were 96.5 and 131 mg h À1 kg À1 , respectively (Table 2) . U opt was much higher for the forced swimming fish when compared with the fish swimming spontaneously (Table 2) . However, M O 2 at U opt were similar for the two swimming modes and was approximately three-fold higher than SMR. The maximum M O 2 and hence the metabolic scope was only measured for fish that was forced to swim, as spontaneous swimming fish never voluntarily reached the maximum M O 2 values.
Discussion
Our analyses demonstrated that all swimming characteristics significantly contributed to the estimation of the spontaneous swimming costs. Due to the more complex swimming pattern of spontaneous swimming seabream, the associated costs were higher at a given swimming speed compared with forced swimming. However, comparing the energetic costs at the respective U opt values resulted in similar values for the two swimming modes.
Estimating spontaneous swimming cost
When measuring spontaneous swimming costs of fish in a respirometer, it is likely that the fish's natural activity is constricted. Tang and Boisclair (1993) observed an effect of enclosure size on the swimming characteristics of brook trout (S. fontinalis), in such a way that U and DU increased with enclosure size whereas decreased. In this study, we cannot exclude the possibility that the swimming was affected by the size of the respirometer. The respirometer size was chosen as a compromise between providing space for spontaneous activity and obtaining reliable measurements of M O 2 over a relatively short period of time (5 min). A short measuring period for M O 2 was important, as spontaneous activity varies within the measuring period leading to inconstant decreases in the water oxygen content. This results in M O 2 values with higher scatter r 2 ¼ 0.58 versus 0.83 during forced swimming ( Figure 5 ). Time lag in the respirometer system due to less instantaneous mixing of the water may further explain the lower value of r 2 obtained from the spontaneous swimming experiment because a time lag displaces the coupling of M O 2 and activity. In addition, calculating the swimming characteristics over 1 s (in order to reduce the noise of the fish position) may exclude some details of the swimming pattern, which may not be sufficiently detailed for obtaining a higher degree of explanation in the M O 2 calculations. However, this is a common problem (Krohn and Boisclair 1994) and pinpoints the challenges of measuring spontaneous swimming costs. 
Besides the experimental set-up, the number of independent variables as well as the range of these variables may also have an influence on the final model used to estimate spontaneous swimming costs. Tang et al. (2000) examined the effect of body mass, water temperature and swimming characteristics on the spontaneous swimming costs of brook trout (S. fontinalis) and concluded that only body mass contributed significantly. This conclusion was made even though previous studies on brook trout reported that swimming characteristics, such as U and could explain up to 83% of the spontaneous swimming costs (Krohn and Boisclair 1994; Tang and Boisclair 1995) . In the latter studies, however, body weight was either not included or the range of body weights was smaller. In this study, we analysed the spontaneous swimming cost of seabream at an average body weight of 0.119 AE 0.020 g at a fixed temperature of 20 C and found a significant combined effect of U, and D U . The model developed in this study should therefore not be used uncritically to estimate the swimming costs of seabream in the field but is meant to contribute to the discussion of what is lost and gained using spontaneous swimming experiments compared with forced swimming to estimate the swimming costs of fishes.
From this study, we conclude that U had the strongest correlation to M O 2 during spontaneous activity compared with DU and . As a consequence, U was the major contributor to the model estimating spontaneous swimming costs (Table 1) . However, the predictive power did increase if changes in speed and turning rate were included (Table 1) . Separating D U into the two components D Uþ and D UÀ showed that the main contribution of D U was ascribed to the reduction in speed. Deceleration is probably a less costly manoeuvre compared with acceleration, which explains why the variables D U and D UÀ contribute with negative coefficients in the models explaining M O 2 (Table 1) . Even though the acceleration term D Uþ in itself did not contribute significantly to the explanation of M O 2 , the predictive power increased when using D U compared with the model including only D UÀ (Table 1) . No substantial difference was found between the r 2 values of the two models, which makes it difficult to prefer one model over the other to describe spontaneous swimming costs.
As all swimming characteristics contributed to the explanation of M O 2 , and D U in addition to U may thus improve the estimate of spontaneous swimming costs of free-swimming fish in the field. There are different methods to measure swimming characteristics of fish in the field. Stereo-video monitoring is a stationary set-up where the activity of fish within the camera's reach can be analysed in three dimensions (Boisclair 1992; Krohn and Boisclair 1994; Tang and Boisclair 1995; Tang et al. 2000; Enders et al. 2005) . Another method is to mount specific sensors on the fish with the purpose of measuring speed (Kawabe et al. 2003 (Kawabe et al. , 2004 , changes in speed (Freadman 1981; Clark et al. 2010) or turnings. However, the number of invasive sensors should be limited as it may decrease the mobility and increase the energy demand on the fish (Steinhausen et al. 2006; Gollock et al. 2009) . A single sensor measuring either the caudal differential pressure (Webber et al. 2001; Steinhausen et al. 2007; Gollock et al. 2009) or the electromyogram of the working muscles (Cooke et al. 2004 ) may be suitable methods. These sensors measure the total power performed by the swimming fish and U, DU and are all included. The challenge is the necessity of reliable laboratory calibrations correlating spontaneous swimming costs with the sensor output.
Swimming cost ratio
Seabream swam much faster ( 3.5 BL s À1 ) during forced swimming than the maximum observed spontaneous activity (mean speed 0.5 BL s À1 ). This difference in the range of swimming speeds limited the calculation of R SC , because 0.5 BL s À1 was the only swimming speed included in both studies. During spontaneous swimming, 2.5 times more energy was used compared with forced swimming at a mean speed of 0.5 BL s À1 (Figure 4 ). This is similar to the theoretical calculations made by Webb (1991) , and indicates that substantial extra costs are the consequence of moving spontaneously. R SC is, however, not a fixed value as empirical studies have reported R SC ranging from 1.4 to 22 for salmonids Krohn and Boisclair 1994; Tang and Boisclair 1995; Tang et al. 2000) . The source of this difference is uncertain, but the large range in the studies above may be due to the differences in the number of independent variables, differences in temperature, body mass, species-specific differences in their lifestyles and the influence of the size of the respirometer on spontaneous swimming costs. Swimming costs used in bioenergetics modelling should therefore not be based uncritically on spontaneous swimming costs models developed from laboratory-based experiments as overestimation of spontaneous swimming costs is likely. In contrast, results from forced swimming experiments underestimate the energetic expenses as they do not take changes in speed and direction into account.
Swimming costs at U opt
Estimation of SMR values from relationships between M O 2 and U were slightly higher for forced than spontaneous swimming seabream (131 AE 24.3 vs. 96.5 AE 26.4 mg kg À1 h À1 , respectively). Estimating SMR from forced swimming protocols (U crit tests) is common and it is typical in high agreement with direct measurement of SMR using a respirometer chamber where the activity of the fish is constrained (Schurmann and Steffensen 1997; Reidy et al. 2000) . Our estimate of SMR from the forced swimming seabream is, however, also slightly higher when compared with the M O 2 of approximately 100 mg h À1 kg À1 measured in tanks with seabream of similar size and temperature (Guinea and Fernandez 1997) . The M O 2 value of 100 mg h À1 kg À1 is similar to the SMR estimated from the spontaneous swimming seabream in this study and validates this method for obtaining reliable estimates of SMR. This is in accordance with the study by Tudorache et al. (2009) . They found that estimating SMR from spontaneous swimming surf perches (Embiotoca lateralis) also resulted in a reliable estimate of SMR.
The U opt were clearly different between the two swimming modes with seabream swimming steady and linear having the highest U opt (Table 2) . It is important to notice here that U opt for spontaneous swimming seabream may be limited by the size of the respirometer as the voluntary swimming speed may be restricted . However, when a fish, in addition to swimming speed, uses energy on turnings and changes in speed during spontaneous activity, it will affect U opt negatively. How big the difference in U opt values between swimming modes become will likely depend on the respirometer size. Body mass also affects U opt , and in this study, the seabream swimming steady and linear measured approximately 100 g more than the spontaneous swimming seabream. If this size difference was taken into account, the difference in U opt would be even larger as U opt measured in BL s À1 is decreasing with increasing size (Wakeman and Wohlschlag 1981; Ohlberger et al. 2006) . To the best of our knowledge, no previous study has measured exercise metabolism of seabream, thus no data exist on U opt values for comparison. U opt values obtained from forced swimming experiments are often stated as being ecologically important, as fish are thought to swim close to optimum speeds during routine movements (Ware 1978; Webb 1991) . However, discrepancies between the U opt value and the average routine swimming speed exist for species that are not primarily swimming steady and linear, for example, Atlantic cod (Gadus morhua; Bjo¨rnsson 1993; Schurmann and Steffensen 1994; Lo¨kkeborg and Ferno¨1999; Steinhausen et al. 2006) . This is in accordance with the lower U opt value observed in this study for spontaneous swimming seabream compared with the seabream that were forced to swim. Even though, U opt values measured at the two different swimming modes were different, M O 2 values at U opt were similar (289 vs. 327 mg h À1 kg À1 ). This suggests that an optimum M O 2 across swimming modes may exist rather than an optimal swimming speed. An optimal M O 2 for activity should be 100% aerobic as anaerobic metabolism will build up an oxygen debt, which is energetically expensive and thereby not optimal for the fish. For rainbow trout (Oncorhynchus mykiss), it was determined that swimming speeds as low as 70-80% of U crit was partly fuelled by anaerobic metabolism (Burgetz et al. 1998; Holk and Lykkeboe 1998 Before any broader conclusion can be made regarding a potential optimal M O 2 for activity independent of swimming mode, we need to know much more about the natural activity of fish and aim to measure M O 2 under such conditions. However, if fish on average are swimming close to either the U opt for spontaneous activity (e.g. foraging) or at the U opt for steady linear activity (e.g. migration), it is an important observation that similar M O 2 values were found for seabream in this study. Further research should clarify whether this could be used as a tool to assist with estimation of the swimming cost of fish in the field.
